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FOREWORD

The meteor photographs vhich form the Lasic materis] of this report were taken at
the Meteor Stations of the Harvard College Observatory under Task D of NOrd 8555 and
Task I of NOrd 10449 for the U.S. Naval Bureau of Ordnance, and now under NSori-97647
for the Office of Naval Resesrch. The measurement and reduction of the plates and the
analyais of the resulting data was done at the Numerical Anslysis Laboratory (formerly
Center of Analysia) of the Massachuzetts Inatitute of Technology under Tasks D and I
of NOrd 8555 and of NOrd 10455 and Tssk A of NOrd 10455 for the U.S. Naval Bureau of
Ordnance, and now under DA-19-020-ORD 1093 of the Office of Ordnance Research, U.S.
Army.

The persons involved in the project were:

a) At the Harvard Stations:

Harlow Shapley, Director of the Harvard College Observatory

Fred L. Whipple, Project Director

Frances W. Wright, in charge of plate inspection and records
Richard E. Mc(Urosky, observer-in-charge et the New Mexico Stations.

Following is a list of the observers at the New Mexico Stationa; the i:umber in
parenthesia indicates the number of months served prior to January 1951 (date of the
Jast plate included in thia report):

Philip S. Carroil! (29), Peter 0. Cioffi (12), Keith Guard (2),
" Trwiii Levitan (4), Gunther Schwertz (6), Harlan J. Smith (4),
Henry J. Smith (2). 77 - -
Plate inspectora in New Mexico: Cathwrine Car7ol} (29), Jusnita Engle (7).

b) At the M.I.T. Numerical Anslyaia Laboratory:

Zdenék Kopal, Director of the M.I.T. Numerical Analysia Laboratory and Preiect
Director until June 1951.

Luigi G. Jacchia, Project Supervisor unti] June 1951; Director of the M.I.T.
Numerical Analyaia Laboratory and Project Director after July 1951.

Computera: Virginis K. Brenton, Robert E. Briggs, Jeannie R. B, Carmichael,
Francia G. Davoren, Diana H. Mason, Laurelle B. Parrotta, Dorothy T. Pemberton,
Louise Richardson, Martha B, Shapley.

Occaaional Computers: Mary H. Baker, David D. Brown, Carolyn S. Littlejohn,
Helen M. Pillana, Anita Porell, Sidney Shapiro, Charlotte G. Treuenfela.

Asaiatant Computera: Heater L. Bassett, Helen M. Carr, Belle J. Helpern.

Most of the computations involved in the preaent report were performed by Mr.
Briggs, Miss Carmichee] and Miaa Pemberton.

Much of the information concerning the firat fifteen Masaschusetts mcteora (Table
1I) waa supplied by Dr. F. L. Whipple, who had reduced them before the inception of
the present project,
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ABSTRACT

Velocities, accelerations -nd integrated luminosities were determined un photographic
plates for 46 Massachusetts meteors and 73 New Mexico meteors. Atmospheric densities, computed
from the New Mexico meteors in the same general fashion as in Techaical Report No. 2, are in
good agreement with the slope of the density profile derived from V-2 rockeis; however, in
analogy with the previous results for Massachusetts meteors, the residuals from the rockes
curve are strongly dependent on velocity. A change of one full power in v in the fundamental
equation is needed to make the residuals independent of velocity, but then the slope of the
density curve diverges considerably from the rocket profile. The introduction of an empirical
scale factor R reduces the velocity-free densities back again to the rocket profile. These
final densities show only a slight seasonal effect, if any,

Massachusetts observations were reduced using the same constants as for New Mexico. The
final densities are in good agreement with the New Mexico densities up to 75 km, but above
that height the Mossachusetts densities are systematically higher. Thc seasonal effect is more
than twice as large for the Massachusetts observations as for New Mexico. The baod distribution
of the Massachusetts meteors with regard to seascns, velocities and heights should, however,
suggest soae caution in interpreting this last result,

1. The Observational Material:

Only double-station meteors are included in the present report. All photographs through

August 11, 1948, were taken in Mcssachusetts, from the Cambridge and Osk Ridge (now Agassiz)
stations, for which co-ordinates are given below:

Oak Rid
Station (Agu:ig; Canbridge
A (Greenw,) 71°33'29°.82 T1° 7'45".45
¢ +42°30'20".72 +42°22'53".70
h 190.2 w, 18.3 m.

Al]l photographs from August 14, 1949, inclusive, were taken in New Mexico, from the twin
stations near Las Cruces, whose co-ordinates are:

Station Dona Ana So ledad Canyon
A (Greenw.) 106°47°'58°.50 106°36°42".32
¢ + 32°30°'21°.94 + 32°18'13".61
h 1412.3 m. 1567.4 m.

The bascline between the Massachusetis stations is 37.896 km Jong; the baseline ia New
Mexico measures 28,567 km.
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The cameras with which the meteors were ‘photographed are Jisted in Table I.
TABLE 1

Meteor Cameras

a) Massachusetta

OCak Ridge (Agassiz) Cambridge

Camera Ap. f r.p.a, n Camera Ap. f r.p.m. n

Al 1.5 ] 600 2 FA 1.5 6 600 2

KB 3.0 7 1200 2 KA 3.0 ? 1800 2

*AC 1.5 13 0 0 KL 1.5 6 630.5 4
*MC 16 83 0 0

b) New Mexico
Donia Ana Soledad Canyon

Camera Ap. f r.p.a n Camera Ap. f r.p.a. n

Al 1.5 6 740 4 FA 1.5 6 630 4

KB 3.0 7 1800 2 KA 3.0 ? 1200 2

KF 3.0 7 1800 2 KE 3.0 7 1200 2

KH 3.0 7 0 0 KG 3.0 7 0 0

Ap. and f are the aperture and the focal length, in inches; r.p.a. is the number of revo-
Jutions per minute of the rotsting shutter associsted with the camera, and n is the number of
measurable features (breaks and/or dots) per shutter revolution. The cameras marked with an
asterisk are not regular meteor cameras, but other astronamical instruments on which the meteor
was photographed by accident,

Basic dsta for al] meteors sre given in Tables II and III. The Massachusetts material
inciudes 63 meteors. Of these, 46 could be used to determine velocities and deceleratione end
yielded 86 atmospheric densities. The New Mexico materia] comprised 83 meteors, 73 of which
yielded 168 density values.

The following is an explanation of those cojumns in Tables II and III which are not self-
explanatory. Q is the angle of intersection on the ceTestinl re of the two meteor trails,
Z, is the zenith distance of the spparent radiant, v, and a_ are the sted velocity
(1n km/sec) and mass (in grams) of the meteor before it entered the earth’s aW-

the duration of the meteor as photographed from station A (Oak Ridge in Massachusetta, Dona Ana

in New Mexico), N, is the magnitude, reduced to the visual scsle, which the meteor sttained at
maximum Jight,

In the “shower” column all those meteors which do not belong to well-recognized showers
were listed as sporadic. There sre, however, two new showers in the list:

1) The Virginids, based on three meteors in 1939, 1542 and 1950, all between March 18 and
Msrch 21, with geocentric velocities of about 31 km/sec. Approximate radiant: a = 185°,
8 = +55°(1950.0).

2) The X Cygnids, based on four 1950 meteors between August 19 and Aagust 22; geocentric
velocity 27 km/sec, radiant: a = 292°, 3 = +55°(1950.0).

The fundemental dsta used in the computation of atmospheric densities are given in Tables
IVa and IVb for Massachusetts and Va and Vb for New Mexico meteors. In these tables Fr. indi-
cstes the fraction of the tropic year, ¢ the parameter 360°x Fr., v the velocity in lo/sec,
dv/dt the acceleration in km/sec?, p.e¢. the probable error of the acceleration; the three last
quantities were taken at the center of s least- nqnu'el solution involving n shutter breaks
(form of the equstion of condition: D = a + bt + ce**; D = distance of break in spacs from a

-10-
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fixed point, t = time, k « a pre-determined constent}. H ia the height abnrve sea leve!l, in
km, and & the mass of the meteor in grams at the time for which » and dv/dt were taken. The
meaning of o, p,, Py and p  is explained in section 2; p and w are the wveights camputed ac-
cording to equations (3) na (4), respectively, Ax' Az' A,, O, are the residucle of log Py
log p,, log Py end log p, from profile C (Table VI); A; wd'd, (for Massachusetts) are resicu-
als of log p, 'and log p, from profile X.

Data pertaining tv heights up to 90 km are to be found in Tables IVa and Va; Tables Va
and Vb give the equivalent information for heights greater than 85 km. Data for beights be-
tween 85 and 90 km can thus be found in both seta of tablea, liated in difterent iashion.
Although for the computation of the mean densities tke data for H> 85 kn were handled in
groups rather than individually, some of the analyses required individua) atmospheric densities
up to 90 km; this explains the overlap between the tables.

Meteor No. 2278 (New Mexico, 1950 Dec. 11.2) deservea a special mention. Thia meteor
akismed the upper atmosphere with an angle of incidence of only 12° and a velocity of 59 kum/sec.
Its photographic length is 53°; ita first half was caught by the AT and FA cameras, while the
aecond half was recorded by the KEcamera. On both the AJ and the FA plates the trail is ex-
tremely long and extends from a point not far from the center clear to the edge of the field.
The acceleration computed from both plates is small], but positive, and in our opinion this is
dce to the progressive change in the images of compariaon stara and breaks from the center to
the edge. The large number of breaks on these exceptionally lang trails makes these spurious
accelerations much larger than their probable errors and thia, in tarn, would lead to unduly
high weights for the resulting (negative) atmospheric densities, with the danger of vitiating
the analysia. In view of this aituation, it was deemed necesaary to eliminate the AJ and FA
densities for this meteor from the present investigation,

é. Atmospheric Densities from Metcor Data; Weights and Weighted Means:

In a first approximation the atmospheric densities p were computed in the same fashion as
in Technical Report No. 2'1', using the formu:la

3
« -Kadyp-29V
P e (1)

The mass = was computed by equation (9) of Technical Report No. 2, which shal] be repeated
here fcr easy reference:

2 to I
"R .S ok de . 2
) f‘ 3 ( )

T, is the luminous-efficiency coefficient ani I the visual intensity of the acteor'%’!, derived
from the photographic magnitude with the correction ¢178.* For a detailed description of the
photometric methods followed, see Technical Report No. gHidiL pages S-11. The densities thus
computed, using K « {, are designated as p,.

Each individually determined acceleration was used to obtain a value of p,. Accelerations
determined from different plates for the same meteor were treated independcnt.fy of each other.
If one photographic trail yielded two or more decelerations, these wercalso handled separstely.

The basic quantities which enter into the ccmputstion of p are affected by observational
errors in varying degrees. While the velocity v is elways known to an accuracy of 1% or
better, the acceleration dv/dt may have probable errors ranging from 0.01 to 10 times ita
actua] value, and the reliability of the probable error itself will vsry according to the
number of ahutter breeks used to compute the acceleration. The mass =, which is a function
of the integrated light intensity, bhas an element of uncartainty in the extrapolation to zero
of the intensity curve at the very end of the trajectory. This uncertainty is reflected in a

*Twenty-five New Nexico meteore for which both vieuel end photogrephic megritudes were evelleble
confirm thie correction. Thelr meen Is +1.89.

-11-




Shower Plates ¢ u of breaks

Heights (Kam)

Bog. Ml Bud

TABLE 11
LT

Yo

Basic Dase for Nessechusetts Metoors
(l/ w0c)

SinQ Cos Z,

App. Rad. 1950.0

Date

Yr.

ss . - :

s958;888588- 25528558553, 58855
E2zg§::s§!g:§§§g-53:§§5~"33“§§35§§ l
EERPESHISREE " FE8. 8522930385823,
P Ll Ll L ST T T T it Tt Bl L1 T
858525538382 ¢cse 8 85 35smEEssss |
HIZ T L 8§ § 9% 23333535E8
sEEBﬁ%iE §3§§§§§ 3 9% =§§255=§=g |
22223222323323223332 T T IELYEIIIEL .

[*} .2 . :g 2] .9 v ':v'o '03
HIHBHHIHTE SRS R
2 & = & &
Giyh S ar-n o areEaBaas v a9 & o mos o=

$30CdRdeSddEgse 3 J9 8 F 3ur £¢
SoeaE Seeamatecaes @ 2= o n see o
grfgd~degunIddigen? X 8¢ £ 3 trd g9
i i e o R e B i R AL
¥sasdunIivngggsdyg ¢ df & 4 §53 g8
“omorelenomntarocn 4 <~ ¢ o weo o
Fidnfeisfvdsavigasde ¢ v T ¢ IS o9
29389359888 IIRLEE 8 R3 8 Y 288 3°
—-0 ~ W e o_.g"""Sﬂq w - - O o= 8&
Sge 8488001&666666—- * EN g 8 gu~ =4
QﬁﬂQﬁQ’QQQQQQQQ SR B e = o mra B
CREACHINANASERE'Ff8 ¥ R 4 4 A£43 d%
5353383 EIYSEEIREIE 5 B8 § § £3F 23
cccddcocococdco0ccdd0s00e 6 66 S © S8coc JSo

<
§233g8CaLREpgeSuEy § 3Y 8 3 5§ 25
ooooooooodo’o’do’do’o’d © ©o6 ©6 © ©8c oo
m2R22nUERSYSKHNST"] 9 G2 S & S8 =7
BEITBIVILLICALISSS 3 23 T ¢ wEs 9
BY2RRBANIAIZSRANS N B2 & 8 I~ 3I=
RZ3IZH=gIneeIISIRARST 3 S ® G z22g %I
BagRaRA3Z2AN29R8d £ 35 2 2 EEY &R
vddgrgrdddddgnngegd o S & 4 fds €
FRAFRAFAA330332¢ & B3 X X XXX 4%
29932333322933443% ¥ 3% § § ¥¥% 33
O - )

ESSEERESHA36ESNR3S £ B4 ¥ ¥ BR¥ &S




- - Ly
Plarss s = =2 L oaas

Shower

Ekghuln

M Heights (Ke)

TABLE I11

Busic Data for New Mexico Neteers

Cos 2,

-

App. fud. 1950.0 8im Q

8

Yr.

~

:.:As -~ A‘\A‘\:\ ~.~—~A «AAAAGA:’ osﬂ\A.o\ :ga
RPN LR b B EURE P
- c~§§ 8' L -1 ‘b,# I B8.2-3 0 _u it
L RCH e FELERUIEEE FTTLETE PR TR |
efeg f azgeEsa . o sfadafaafacsioanca, 08
Z8SeZsgfsgtes il 47 EIESE3ERYIRA;EER 850

Swg “%' = B 38 3§3° =W O -~
4932 8EE ﬁﬁﬁﬁ .87 S3E3ESS aﬁggfﬁnﬁﬁﬁﬁggﬁgg
2322820026862 2 47 . 1BIBZAYEE26: ANE6EIARIIT
0090030 :J 0";03 v 0‘00.0‘0‘
I S ksl
; § séﬁ!i R55585383444

O VMIVVMNUVNEPTN~OVOVATO~N~BOEFNNONVO PO MPE~POO~O N

........................................

LEEETEEELS EEELLL R ELEL ELE TR LS B 24

OOOﬂﬂOOQEO’\O‘OFO—G-'lﬂOO oo«—-momaomooo 'O—lo-llnﬂ'o-l

...........................
ooooooooooooooooooooooooooooooooo

FOF\D\DOU’”U’FGDU!OU”0.0QF OMOMNO~ODOMNMMOVVNEV-Or-OWY

ooooooooooooooooooooooooooooooooooooo

NS £ S 40 £ &3 Lk &k Sl b bbbl i Aokohn

ARIIIRNREGERBIAK YIRS LARNILERELEIRNTLISRESEIS

fNabSns-~$5s S3RWasAnS LWBBSEUNEASIIN, H8e 085S

.................................

—

as:«ﬁﬁgu 3 aaooﬂm~:0h88835830335; $«$8ﬁ

oooooooooooooooooo

oooooooooooooooooooooooooooooooooo

8£§§8§ §3§E§§§5§ 2 LE 895%%5 CEERITIT R LLEE

oooooooooooooooooooooooooo

3‘8:8%3539358’08‘“38“8 ASREGGBRBTCOARRACERN
BPNET OB OISR EERASUNGT UGPSR TUIIINYIASEFLEY

RSP ST RIRAASL ISR fIRCUIYCAI-ALELIZ2 "
“EH"’E*‘Q*“*SF°3§3§§EE BREIEERARCRALAASAS

3R3EaRInke §§aﬁn§%§§§§§3 333858 ARRUARRARE

FEEE ""é‘ﬁﬁ"ﬁ zisﬁéaa =9°°Aa*édﬁddaﬁd

*

‘

.-

d
i
%

——— —




’—.q‘

TABLE 111

Basic Date for New Mesico Meteors

Pletes ¢ a of breaks

Shower

Heights (Km)
Beg. Mex L

v

t

App. Rad. 1950.0

Yr.

3

88 ;5 88 8228 3 %3
E 8832555882 8835 S0 %2802 $533° gs5osS
:=gg§§53=§§=e§§§§§=a§5"g§§§§a§§§§§§§§§géa
Sgasgggggﬁgzggﬁgg gggggge;aegﬁeeeﬁgegeggg
e e L T U EEET LTI
5533:§§§§§3:g§:§§g§.Agg3a§A.5..0A5§A§..§E
S-g5g--C-nec=ga SEBEE < <
sesonnanboss2hiheliasiigged33dd8cdEss
ﬁ&???hhhh222&52?229229222222h?:?i?h?h??ﬁ?
yxgpwwrﬂizﬁviivivv $eZfvddvuy vvvgzg
; Hi iiii’iiiiiii i1i}
R T RS
- B oo-n»ocovooo»o-o«Q-neounouﬂpo-nnonooomvomhmot-no

CeE UL EgE SSRGS ZRERTI

ONN'OWNFNNO;O'!O—CFNOOONNF N @O0 W PO OO0 ~® ™ N

........................................

SR BRUFERBIECHORCSRERBRE ' PRESRYELRBITRLER

ﬂNOO\FON‘nNQ—lﬂ—"ﬂehﬂNNNOOOOOﬂQOOOOﬂOﬂFN"'NQ’

........................................

oSSSRSSQR%QG 38#m8382==é8838% e 83&99&“3

)
-
b-v
~

38&: 3~839’”8S SS&SZSKBRoSnQO-&SB8'88328

ooooooooooooooooooooooooooooooooooooooo

HERgNEREcSRIBERINECSgIRRECIIRGIZERSERAES

R EEERT EE LV EEEE

A

:a:a'~ss=asssassx°a=n:§s~a::aaa-a=azasa:=

PG RIBR I T 2RSS RS R RTRISIRONTASANARASS
BRRE - HYSRARNAE T 2Y SR ARSNLCRAR LN AIOGED

BUSIRREIR=FA835SNNASEEER8ER82 R USRS

qqa,,§§?§?§§<,2552§§325§§,,.???ﬁégﬁﬁéﬁééﬁ

-15-

** Also KE 510 (56)

0 Soor—rbabutchi-mthzhuxz,nctioul.

s

——— 7o —

———— —



TABLE IV e

Daia Used in the Conputation and Analysis of

(4 < 90 Kn)

Atmospharic Demsitice in Massachusetts

dv/de

sec) (lm/»

Shower

d

8,

log o,

poo.
)

v

i

Yr.

Plate

..................................

..................................

® ® 6 S 1 & ¢ S 1 S e N e LN LA LN eSS

CRREANRNCRRARUBILEANREEBRARILIRBTY

..................................

AR A A th 4 2 4 &b ST 4 AN Al A0 A b S AN Al
BUBEREBYNEIIIZIRNERIRBRIEI2BIR2A8SEIR

..................................

® ¢ 1 1V 1 e 1 & 1 e 1 e 1 e N N NN LN ® o 1 ¢ 0 0 0 1 o

NEESRIIYRRIYSERYRAIVREIR2YINER28E5S

..................................

C8IBSRSIAILHNERCIBIYNETUBEILRILIBAZINEY

..............................

AR AAAAAEAAAA A A LA LA AL
BRAGSARNI2YREBINIRIELIIREEZACNYSEAR

..................................

C 0 0 3 0 0 Y el e e e e e e

RIS AB AR LEBRES N RNANYNE 2SS RRRERSRYY

..................................

..................................

SRR3R RICRE L8R8 NSNENE8RREREL28:

..................................

ARAAAAASESASES S SN AT AT A I S AR

N MO WO MO POYWOMNAt®RO NN NO~NNMNMMNIMNOVNO

............................

NNV NON OV ENMVNMNEOEVNNNEIEILmNNONS O 2~
CEDNRR OS2 S"RAKRSRANTAKOXITR2ITR=N".

L
Mmoo~ NeB R lIRRILRIBALLeRIRRNLEZ el W

.................

2. 3822828882288 s8asyse1ndanidgis

....................

........ . e & ¢ e o e s o o o o o o o

g:ﬁso«oomiva’o{h Seidaiel vedrdddLirasdoad
[)ONE INRE N DU R R DR N U NN DR D BN B ) l'l PN DU D D R D D DU R B D NEN DR NN B R |

:.gssassznsss:ﬁgaéaﬁa:sq;asﬁsa§s§a

CYNSLIE RSN R LIV INICSRSSNIIRERBEE

.................

..................................

STEEEEECE LY FTFPPITFFEPITIPETFITED

PR EL PR LA TR PARLEREE RIS 1 4
ERERIIELEEYIACIEEITAYIIBTALINAATNLIE
T LR L EEEEFEEEL ELECFREFEH &

e et e e S i (e B e e e T LS L




VP STV PIPRPGRes - S grsny

oy

TABLE IVe
Date Used in the Compatation cnd Anelysis of

Awmpspheric Densities in Nassachusetts (H < 90 Kua)
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TABLE Vo

Date Used in the Conputstion and Anelysis of

Atmpopher ic Densitios in Now Mesice (¥ < 90 Ks)
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Data Used in the Couputation and Anelysis of

Atmsepheric Damsitios in New Nesico (F < 90 Bn)
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TABLE V b

Data Used in the Computation and Analysis of

Ataospheric Densities in New Mexico (H > 85 Ka)
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Data Used in the Computation and Anslysis of

e s et

Atmospheric Densities in New Nexico (H > 85 Ka)
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smal] relative error when the point we consider is near the beginning or the center of the
treil, but may becomwe quite important when we have to compute s mass near the end of the me-
teor’s visible path. It is, therefore, neceasary tu eatablish a weight function which wil)
take into account all these factors.

1f the scatter in the computed atmospheric densities were due omnly to observationa) errors,
s wzight function could be established rather simply on the basis of the probable errors of
dv/dt and . We must not forget however, that even densities computed from exact data (i.e.,
with probable errors equal to zero) would preaumably show a scatter due to different shapes and
densities of the irdividual meteoroids and to unaccounted day-tn-day variations in the upper-
atmospheric layers. While a weight function based entirely on probable errors would be jua-
tified for data with very low accuracy, there ia the danger thst it would lead to dangerous
relative overweighting of wmore accurate data., As we aee, on idea) weight function sust follow
the probable-error rule in the low-accuracy dotmin and reach an upper (saturation) value when
the probable errors decrease beyond u certain Jimis, The waight functione which were finally
adopted are certainly far from being idea) and would be difficult to justify on a rigid ans-
lytical basis; they do, however, aatisfactorily accomplish their assigned task, so we fee] they
can be presented without further apologies.

Whenever values of log10 p were anslyzed (i.e., for heights lower than 85 km), their
weight p was assumed to be

b e 10 ¢ (2 (a-3) ()7 ;
€ I.
(3)
¢ =X [1+erf(2 loglox-o.‘l)] s

Here v/e is the ratio of the acceleration to its probable error, n is the number of shutter
breets used in the least-aquares aolution (which contains three mowns) and s, the mass of
the meteor before it entered the atmosphere. In the expressioc r, x may be either v/e or
n-3. The weights thus computed range from 1 tno 9 and virtus. al) densities with v/e < 2
have weight zero.

For heights above 85 km, where weighted means were taken in p rather than log,, o, the
weight function was

» = [l".(n- 3) ]%erf (10-18 6;2) 2 (4)

wherz € = (p/v)e. The meteor mass does not appear in this formula because at great heights
al]l accelerations are computed from certers or esrly parts of trajectories, .

The separation of the observationa) material into two sections, below and above 85 km,
appeared to be necessary in view of the great disparity in the sccuracy of the data. Below 85
kn the cbserved decelerations are generally much larger than their probable errors and there
are virtually no negative densitiea. Above 85 km it becomes increasingly difficult to get
reliable decelerations and negative densities become more and more {requent.

In view of the nearly )inear relation between H and log 0, it appears logical to prefer
taking weighted means of these two quantities whenever possible, and this was done for H< 85 km.
For H > 85 km sdvantage was taken of the fact that atmospheric densities in the range 0<H< 100
kn can be represented, within a factor of 2, by the approximation p = p  ¢~%-138%  Weighted
means were therefore taken in p and in the quantity ¢ %°1*®"  from which the corresponding mean
value of H was computed.

3. Analysis of the New Mexico Data:

The mean atmospheric density profile over New Mexico was assumed to be sufficiently wel)
established on the basis of the results of several high-altitude rockets launched in recent
years. N.R.L. dats from four rocket flights were reduced by the writer in 1948'!' and the mean
profile derived from them (profile C, Table VI) has been used for the past 4 years at M.I.T. as
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a guide in problems involving the upper atmosphere‘®’. Our chief goal bas been to establish an
empirical function of the densities P, computed by equation (1) from New Mexico meteors, which
would reduce the computed densities as closely as possible to those of profile C. This same
function would then be applied to the densities computed from Massachusetts meteors; the two
sets of data would then presumably represent true atmospheric densities and could be analyszed
and compered,

A mean density profile for the upper atmosphere over New Mexico has been recently computed
by the Rocket Panel® using data from 16 rocket flights‘3!. This profile is given in Table VI
under the designation of profile R, Profiler R and C are almost identical (they intersect
three times in the rangs from 50 to 100 km) so no appreciable difference in our results could
be expected i1f one were substituted for the other in the analysia.

As a preliminary step, the individual vaiues of log o, were compared with three different
density profiles, given in Table VI. Only points lying between the heightas of 65 and 85 km
were used in the analysis., This limitation stems from various considerations:

TABLE VI

Atsospheric Density Profiles Used in the Analysis of New Mexico and
Massachusetts Meteors (A,B,C) and Most Recent Profile
from V-2 Rockets (R). Log,,p in g/cmd.

H o
(k) A B C R -
45 -5.714 -5.725 ~5.661

S0 -6.006 -5.99 -5.971 -5.936 -5.91
55 -6.2271 -6.21 -6.193 -6.199 -6.15
60 -6.421 -6.42 -6.409 -6.457 -6.41
65 -6.607 -6.63 -6.647 -6.723 -6.70
70 -6.801 -6.88 -6.955 ~7.012 -6.97
75 -7.018 -7.20 -7.324 -7.34 -7.25
80 -7.287 -7.56 -71.700 -7.616 -7.52
85 -7.611 -7.92 -8.062 -8.034 -7.80
90 -7.951 -8.29 -8.400 -8.389 -8.08
95 -8.273 -8.67 -8.717 -8.734 -8.36
100 -8.569 9.04 -9.021 -9.063 -8.66
105 -8.852 -9.314 -92.319
110 -9.131 -9.598 -9.684

A = Profile from Massachusetts metsors, 1949'3',

B= Pi’elininary profile from New Mexico meteors, using
uncorrected dats and log K = 0.12.

C = Profile from New Mexico rocket flights, 1948'1'.

R = Most recent profile from V-2 rockets, 1952'3!,

M = Final density prcfile from Massachusetts meteors,
from results of the present paper.

e —

1) In the height range between 65 and 85 km there is a generous overlapping of meteor
velocities and masses. At heights lower than 65 km densities are derived mostly from low-
velocity, massive meteors near the end of their trajectories. At heights greater than 85 l=
high-velocity, low-mass meteors predominate.

®The suthor wishes to express his sincere gretitude to the Rocket Penel for the permisslion to
uee these deta defore thelr pubdlicetion.
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2) At heights greater then 85 km individual meteor decelerations become progressively less
relisble,

3) The introduction of the height in the form of a linear term in the equation of condi-
tion precludes taking any wider range in heighta, or the term would lose mach ¢’ ‘.. .ignif-
icarce,

Since the exact form of the drag equation (1) is atili open to discusaion, both the ve-
locity v and the mass & were inserted in the equation of condition, althongt it was realized
that they are not independent parameters; also introduced were the height H, to account for an
error in the slope of the comparison cvrve, and the fraction of the tropic year to account for
a possible seasona] effect. This lsst quantity was introduced through an auxiliary angle
¢ = 27 ¢t/T where T ia the duration of the tropic year and t the time elapsed since January 1.0
of the year when the meteor appeared.

The equation of condition used had the form

log p,-logp’ =aebaing+ccosdpe d(log, v-6) + el + flog, = (5)
= a+M sin (p+a) ¢+ d(log,,v-6) + eH + flng, & .

Here p’ ia the density at the height # ir the ccamperison profile (4, B, or C).

In view of the peculiar distribution of the meteor material, none of the parameters is,
strictly speaking, independent of the others: velocities are closely connected with heights,
msses with velocities and there ia a tendency for low-velocity meteors to abound in the winter
aepester and high-velocity meteora to prefer the summer season. The situation, as wil)] be
seen, is particularly bad in this respect for the Massachusetta material. For New Mexico,
however, the distribution ia much more uniform with respect to all parameters and aome seunse
can be made out of the various correlations. A comparison of the asolutions made using tha
complete equation of condition (4) with others in which the coefficients of log & or of H or
both have been put equal to zero is particularly instructive.

A special cffort was made by the New Mexico observera to cover the Geminids of 1950, and
this resulted in an abnormally high percentage of such meteors in the analyzed material. Since
a cursory inspection had shown that the atmospheric densities derived from Geminids seemed to
be systematically lower than the average, separate least-squares solutions were made, with and
without Geminids.

The results of the various least-aquares asolutions for the New Mexico data are given in
Table VII. An inspection of Table VII leads to the following preliminary results:

a) No matter what comparison profile is taken, and whether or not Geminids are included,
the value of d, the coefficient of log v, is always -1.1 or -1.2, and exceeds its probable
error by a factor of 10. The 1948 analysis of Massachusetts meteora'!’ had given for the
coefficient of log v the values of -0.91 and ~0.79, according to the equation of condition
used. ’

b) The coefficient of lag &, as was to be expected, i3 cf opposite sign with respect to
that of Jog v. It is imortant to note that its magnitude is of the same order as that of its
probable error and that, when it is put equal to zero in the equation of condition, the re-
maining coefficients change but very little,

c) The seasona) effect ia svwall, with an amplitude which for most solutions amounts to
Jess than one-hs)f of that derived for Massachusetts in a previous analysis'l'. The amplitude
ia on)y two to four times larger than its probable error and the phase of the fluctuation is
quite different from the one found for Massachusetts. The seasons] effectis, however, atrongly
dependent on the comparison profile, and any more definite conclusion on its rcality should be
deferred unti] Jater. '

A plot of log p, against H (fig. 1) shows an excellent agreement vith the rocket profile
C. On the other hnd‘ the resulta )isted under A) show that the residuals from thia profile are
strongly dependent on velocity, and that the cause of thia dependence must be sought not in the
comparison profile, but in the fundamental equation (1). It appears that the correct value of
d is very close to -1.0, which would correspond to an error of one power in v in equation ({).
As a second step, then, we tried to make the computed densitiea independent of velocity by
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TABLE VI1
Analysis of Leg P, for New Mexico Meteors
ES<H< 85 Ka
: |
No. Comparision Profile o b c d e f M « Min .
end Dats Used i
1 A, All Meteors  ¢0.197 40,077 -0.006 -1.19 +0.0002 +0.032  +0.078 385° Oct. 7 ‘
10,200 0,028  +0.020 20,12 20,0025 0,019  :0,028 15 t 16 l
2 A, Al]l Meteors +0,184  +0.054 -0.004 -1.22 +0.0004 +0,055 3% Oce. 7 } i
£0.205 20,025 +0.021 +0.12 20,0027 £0,025 22 s 23 ; ;
3 A, NoGeminids  +0.436  +0.091  +0.017 -1.12  -0.0033  +0.049  +0.09? 11 Sept. 21 | :
£0.231 20.038 20.021 +0.12 £0.0031  20.021  10.045 213 : 14 ; i
) HH
4 A, No Geminide  ¢0.333  +0.055 - +0.015 -1.18 -0.0016 +0,057 16  Sept. 16 ; :
10.229 20,024 20,021 20.11 £0,0030 10,023 222 t t I
i .
S B, Al] Msteors  +0.490 +0.088 -0.032 -1.09 +0.0%4 0 Oce. 22 :
+0.053 20,024 20,021 +0.12 10,023 213 t 13 ¢
6 B, Al] Metecrs 0,013 +0,104 -0.129 +0.165 09 Nov. 23 !
+0.018 0,029 $0.022 10,025 t 9 Y 9
7 B, No Gaminids +0.521 +0,088 +0.017 ~-1,13 +0.083 11  Sept. 20
$0,051 20.022 20.022 20.17 £0.022 1S t 15
8 B, No Geminids  +0.035 +0.054 -0.093 +0.132 315 Nov. 16
£0,018 20,029  20.02¢4 £0.029 211 : 12
9 C, Al]l Meteors  -1.133  +0,076 -0,009 -1.,22 «0.0217 +0.028  +0.077 384 Oce. 9
£0.207  10.029 20.021 10,13 +0.0027 +0.020 10.029 216 16 |
10 C, All Metsors  -1.143  +0.05  -0.007 -1.25  +0.022 +0.057 353 Oct. 9 P
10.207 0,028 10.021 10,12 10,0027 10,025 222 T 22 |
11 C, No Geminids -0.883 +0.089 +0.013 -1.1§ «0.0183 +0.041  +0.089 9  Sept. 23 i
10,236 20.029  20.022 10.12 10,0031 20.022 10.029 214 t 14 :
[}
12 C, No Geminids -0.969 0,058  +0.012 -1.21  +0.0197 +0.059 11 Sept. 20 ;
20,233 10,024 20,022 10.12 10,0030 20,024 221 : 21
13 C, No Geminids +0.505 +0.116 +0.020 -1.0§ +0.118 10  Sept. 22
£0.058 20,025 +0.024 10.19 10,025 21l : 11
This table gives the results of the various least-squares solutions computed, using the :
oquation of ccaditios t
log py-log p' = sebsind ¢ coosd o dllog,v6) ¢ oH ¢ f log,,m
* soMsin(@de @) + dllog,ov-6) ¢ oH ¢ flog,m. |
Here p' is the demsity st the height H in the comparision profile specified for each &

sclution; ¢ = 2?'; vhere T is the duration of the tropic year and t the tims elapsed

since Jamuary 1.0 ; v is the meteor velocity in ca/sec. and = the meteor mmss in gress .
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reducing them, assuming 4 = -1, to a atandard velocity of 30 km/sec. These corrected densities
were designated o ; we thus have the following equstion for P,

v
p -—p 6
P oaxi8 &

In view of the smal] change in velocity during the course of s meteor trajectory, equation
(2) cen be written, approximately, as

a2 f:° Tdt=_2 13, (7)

° To
This weans that, for all practical purposes, equation (1) becomes

i
= -2K 3,-vdv
P -KL v T (8)
The change from o, to p, would iwply & change trom v™ to v"? in this equation. Were it not
for the results listed under b), we could be entirely agnostic and aacribe the blame for this
change indifferently to an error in the power of v in (1) or in (7). Ascribing the blame to
equation (7) would mean making m independent of velocity. Then all meteors having the same
brightnesa would have the same masa, and the thermal theory of meteor light would have to be
abendoned.

There are some indications that this is not the case. The excellent agreement of theo-
retical light curves with observations'?' and the behavior of low-velocity meteors'?’ would
indicate a definite dependence of masses on velocity. Apart from thia, the resulte liated
under b) show that there is at best only a doubtful dependence of demnsity residuala on the mass
as computed by (2). It looks as though most of the trouble arises from the forms of the drag
equation.

Means of log p, against H are shown in Table IX and in Fig. 1. Since greater velocities
are observed at greater height, the velocity correct.xon (log p,-log p, =log v~ 6.417) in-
creases with height and, conforming to expectation, the slope oi log Leeo-n smaller then
that of log p,, which agreed with the alope of the rocket profile. le nre thus Jeft with a zet
of "duuit.iu%' which are practically independent of velocity, as we desired, but do not agree
with the known density profile. It would seem that the introduction of a acale factor R acme-
what Jarger than unity would restore the proper slope. Densities Py computed by the equation

log Py = A+R log p, (A = conatant), (9)

would leave residuala from profile C which would presumably prove independent of velocity and
height, but would still be affected by a possible seasonal fluctuation. The final densities
Py corrected for aecasonal effect, were computed by leaat-squarea, uaing the equation of
condition

log p. = A+R log pz-Blinct- Ccos¢ (10)
*A+R log p, -Msin(¢+a)

where o, is the density on profile C at the height corresponding to Py The values of p, are
the ulnco of p. computed by (10), once A, B, C and R have been determined. The presence of s
scale factor R y 1 must be considered as a purely empirical device to make the computed den-
sities agree with the observed rocket profile. A theoretical explanation ia not attempted at
thia atage.

Since a large range in heights is necessary for an accurate determinatioo of the scale
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factor R, the least-squares solutios was extended to all meteors with heights lower than 90 ks,
Geninids excluded. The results are given below:

A= +2,059 &+ .288
B = +0.056 : :028
C=-0.034 + .024
R = 41,275 ¢t .151
M= +0,066 + .027

a = 329° ¢ 22°
(Minimum density: Nov. 3 ¢ 229)

Within the same range of heights as that of the least-squares solution there are 25 den-
sities determined from Geminids. When log o, ia computed for them, they yield residuals A
from profile C, whose weighted mean is -0.10. We consequently assumed the value of +0.10 to
represent the mean correction to log p, as determined from Geminids. Mean values of log p, in
function of height are shown in Table IX and Fig. 2. For heights above 85 km, where means were
taken in o rather in log p, the mean of the individual seasons] corrections was spplied to each
moan point. For the same points the correction tc log p, for the presence of Geminids was
taken as +0.10 times the ratio of the sum of the Geminid weights over the total sum of the
weights within the 5 km range of heights considered.

As a fina) check on the non-dependence of p, from weteor velocities, the coefficient of
correlation between log p, and log v was computed for all] meteors with H < 90 km (corrected
Geminids included) and found to be equal to 0.002.

The amplitude of thc seasonal fluctustica which results from this least-squares solution
is only twice aa Jarge as ita probable error. In view of the possibility that the aeasonal
effect might be a function of height and that the picture might become somewhat blurred if the
analysis were made over too large a range in height, another solution was computed for heights
between 65 and 85 ka, Geminids excluded, using a slightly different method. Log o, was com-
puted by equation (9), using A = +2,055 aad R = 1,275, and the residuals from profile C
were analyzed for seasonal effect. The result of the least-squares solution is given below:

A3 = -0.0096 + 0.083 sin (¢ + 35975)
+ .0083 ¢ 0.040

(11)

As we see, the results are not too dissimilar from those obtained using all meteors with
H <90 lon. The smplitude is 25% larger, but stil] only twice as large as its probable eryor,
and the minimum denuity falla on October 2, or one month earlier. In cur judgment it would be
a iitt]e premature to give a definite pronouncement concerning the reality of the effect.

4. Analysis of the Nassachusetts Data:

Values of log p, for most of the Massachusetts meteors have been published in Technical
Report No. 2'Y’. For a number of meteors the dats are preaented here in a scmewhat different
form. Previously, when decelerations were determined on two plates for the same meteor, their
weighted mean was used in most cases to compute atmospheric densities. To make the Massachu-
aetts material entirely consistent with that from New Mexico, decelerations from different
plates are here treated aeparately.

For a comparison with the New Mexico dats we mmust compute o, and Py according to equations
(6) md (9), snalyze Py for seasona]l variation and finally obtain a profxle of p,. Before we
proceed to do this, honver, it will be instructive to look at the results of some preliminary
analyasea of p, which were undertaken, a littl%® haphazardly, in the early stages of this in-
vestigation. ,'l' able VII] summarizes the results of least-squares solutions computed exactly in
the same manner as for New Mexico meteors, with the equation of condition (5), using two dif-
ferent comparison profiles. Thia table should be compared with Table VII.
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TABLE VIII

Analysis of Log p, for Massachusetts Meteors

65 <H< 85Kn
Comparisaon Profile .
No. ad Data I a b c d e f M « Min.
1 A, All Meteors --0.734 -0.104 -0.041 -0.762 +0.0109 -0.002 +0.112 202  March 11
$0.249 $0.036 20.037 £0.212 10.0035 +0.078 +0.0% 19 ¢+ 19
2 A, A] Meteors -0.73 ~0.104 -0.042 -0.759 +0.0109 +0.112 202 March 11
$0.284 20,034 +0.036 0,204 10.0034 +0.035 19 + 19
3 A, No Geminids -0.872 -0.091 +0.001 -0.593 ¢0.0122 -0.U4S +0.091 179 Apri]l 3
40,246 $0.034 :0.039 :0.281 +0.0037 £0.031 10.034 125 t 25
4 A, No Geminids -0.904 ~0.108 +0.006 -0.412 +0,0109 +0.108 177 April 6
$0.244 $0.032 20.039 $0.251 +0.0036 $0.032 121 t 21
S A, No Geminids -0,.246 -0.159 -0.014 ~0.050 +0.160 185 |March 28
$0,114 £0.030 :0.040 10.228 $0.030 :14 t 14
6 C, All Moteors -2,220 -0.111 -0.042 -0.775 +0.0344 +0.009 +0.119 2C1 March 12
$0.255 20.036 10.038 £0.217 +0.0035 +0.080 0.037 118 t 19
7 C, Al]l Meteors -2.210 -0.108 -0.041 -0.791 +0.0345 +0.116 201 March 12
$0.250 £0.035 20,037 0,209 £0.0035 $0.036 18 t 19
8 C, Al] Meteors +0.066 <~-0.266 -0.156 -0.070 +0.300 210 March 2
0,143 20,045 0.051 :0.281 $0.047 : 9 ¢ 9
9 C, No Geminids -0.286 -0.215 -0.052 +0.661 +0.280 191 March 22
10,165 20,043 :0.056 0.3%0 10,043 111 t 12

For detailed explanations, see bottom of Teble VII .
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As we have previously mentioned, the distribution of Massachusetts meteors with regard to
seasons, velocities and heights is quite bad. A sizable fraction of New Mexico meteors yielded
pore than one deceleration in the course of the visible trajectcry. In Massschusetts with
sma)]ler cameras, poorer sky and slower, two-blade shutters, multipie-deceleration meteoss were
the exception rather than the rule. The result is that even in the region between the heights
of 65 and 85 km there is little overiap in heights and velocitien, and the situation is made
worse by the preference - fortuitous or not —of high-velocity meteors for the susmer season.

As z consequence of this situation, the parameters of the equstion of conditica (5) sre
strongly interrelsted and the least-squares solutions computed on its basis lose much of their
significance, This must be kept in mind when results from this analysis sre compsred with
previous resvlts.

The instability of the solution is mede quite evident by an inspection of the d colusmm in
Table VIII. While for New Mexico the value of d was quite stable in the vicinity of -1.1 for
al] comparison profiles and changes of parameters, here it changes very drastically with the
slope of the comparison profile, If we make ¢ = 0, i.e., if we do not allow for an error in
the slope of the comparison praofile, the strong dependence of velocities on neights will cause
d to assume practically any value, and even to change sign, according to the profile which is
taken for comparison. The comparison profile has slso s strong influence on the amplitude of
the seasonal effect - slthough much less on its phase.

Of al] the solutions, No. 2 1s the one which can be st directly compared with the re-
sults of Technical Report No. 2, Eq. (14). The comparison profile was in one case the N.A.C.A.
profile'’! in the other profile A, but due to the presence of the el term in the equstion of
condition, the conditions are quite similsr in both cases. The value of d was -(.91 in the
old, -0.76 in the new solution.

Afver this digression, we cen go back to the outlined reduction of the Messachusetts o ':
Table IVas gives log P. and log o, as computed from Py with their residuela 4, and A
profile C. Mean values of log o, taken in 5-km mt.ernla were plot.t,ed against H and a .uoot.h
curve drawn through the points, 3'ﬂ'ne residusls from this curve, in the height range between 65
and 85 km (Geminids excluded) were analyzed for sessons] effect and the resulting seasons)
correction applied to p,. A new curve (almost identicsl with the preceding one) was drawn
through these corrected densities and was sssumed to be the final Massachusetts deuxt.y profile
(M in Table VI). The residusls of log p, from this profile are designated A ir. Tables IVs
and IVb. A final analysis of A in the same interval as before, givea

A; = -0.033 ¢ 0.175 sin (¢ + 204°)
t .032 ¢+ .04C t+ 16

(12)

The final corrected densities p, [i.e., log p, with the correction -0.175 c.n (¢ + 204°)
spplied to them, and the extra correction +0.10 applied to Geminids] are shown in Tables IVs
and IVb., Means in 5-km height intervals are given in Teble X and plotted in Fig. 3.
i |  The seasonal effect, as given by (12) is in fair agreement with the results of Technicsl
/ ﬁpon'No 2. There the fluctuatioa was given ss a function of the mean normal tempersture T
Bogton, with a coefficient of +0.015 per °C. This would correspond to s semi- unpln.ude of
! /0.18 vith 2 minisom towsrd the end of Janusry. Here the semi-amplitude is 0.175 with a minimum
on March 9. It is perhaps significant that, while the amplitude of the seasona]l fluctustion
turns out to be twice as large as in New Mexico, its probable error is just about the same in
both localities. Although some caution should be exercised in interpreting this result in view
of the bad distribution of the meteors in Massachusetts, it might ir licate 2 change of the sea-
sona] fluctustion with latitude; if so, the change is definitely in the expected direction.
The final, corrected densities for Massachusetts seem to be in fair sgreement with the
New Mexico profile up to 75 km. For greater heights, however, the Massachusetts densities seem
to be systematically higher. It would be highly suggestive to sttribute this divergence to s
latitude effect. We hope that future observations will throw more light on this important
point.
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